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ABSTRACT
In recent years the technology of thin film preparation and the 
fabrication of gold surface barrier detectors and their associated 
electronics have become highly developed* This has enabled improved 
energy loss measurements to be made more conveniently for a large 
range of absorbers and charged particles.
The basic interaction processes of heavy charged particles with 
matter have been investigated by analysing the energy spectra of 
charged particles before and after passing through absorbers.
Results concerning the variation in energy loss, stopping power and 
energy straggling are given for alpha particles and fission fragments 
in various absorbers.
Experimental studies of energy straggling have been carried out for 
Am-241 alpha particles using surface barrier detectors to observe the 
energy dispersion following transmission through solid absorbers. 
Energy straggling of the emitted alpha particles increased with 
increasing absorber thickness in accordance with theory, until the 
energy spectra of the helium ions entered the capture and loss region, 
when the trend is reversed and straggling began to decrease with 
increasing absorber thickness. An explanation of the phenomenon is 
given by reference to the stopping power of alpha particles as a 
function of their energy.
Similarly measurements have been made of the energy straggling of
Cf-252 fission fragments through air and solid films using a heavy ion 
surface barrier detector. Analysis of the energy spectra of the heavy 
and light fragments show a decreasing energy straggling with increasing 
absorber thickness. Again this and other spectra parameters are 
explained by reference to stopping power data for fission fragments.
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CHAPTER 1 INTRODUCTION
Previous work in the Radiation Unit was concerned with the 
measurement of W-values (the energy to produce an ion pair) in 
gases using alpha particles from radioactive sources and a large 
parallel plate ionisation chamber (Harris 1971). To investigate 
the variation of the W-value at low energies, the alpha particle 
energy was to be degraded by thin gold films. This introduces an 
energy dispersion (or straggling) of the particles when an accurate 
value of the alpha particle energy emitted into the gas is required. 
Doust & Harris (1968) were surprised to find how meagre and 
scattered were the results on stopping powers and energy 
straggling measurements in gold for alpha particles below about 
3 MeV.
As part of the support programme investigating these problems, a 
theoretical dissertation entitled *The Stopping of Alpha Particles’ 
was written by the author (Sykes 1969) for the degree of MSc.
This thesis continues the programme with the measurements of the 
energy of charged particles by semiconductor detectors and the 
energy spectra after transmission through absorbers. Of particular 
interest is the variation of energy straggling at low energies.
The production of solid-state electronic devices by ion 
inplantation has added a new impetus to both experimental and 
theoretical studies of these penetration phenomena. Experimental 
data concerning energy loss is still relatively sparse because of
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the difficulties of preparing and measuring the thickness of the 
thin uniform stopping films, and also of measuring the energy losses 
which, though small, are appreciable fractions of the incident beam 
energies. However, in recent years there have been general 
improvements in thin-film technology, and in detection methods for 
low-energy particles, so that the region is now more accessible to 
measurement.
Stopping theory has also inproved in the last 10 years and an 
extensive literature pertinent to the low-energy region is now 
available. That the theory is hot yet a reliable quantitative guide 
is perhaps best borne out by the discovery of the oscillation of the 
electronic stopping cross-section with the atomic number of the 
projectile (Hvelpund & Fastrup 1968)m Similarly it has been found 
that an oscillation of the stopping cross-section occurs with the 
atomic number of the target (White & Mueller 1969),
Difficulties are experienced in estimating the mean range of heavy 
charged particles in absorbers because of the approximately 
exponential loss of energy towards the end of the range of the 
charged particles. By understanding the basic processes that are 
occurring, improved estimates may be made of the mean range and 
range straggling that occurs. This profile distribution would be 
useful information for the ion inplantation workers.
Semiconductor detectors are particularly useful in ot -particle 
spectrometry. Although their energy resolution is inferior to the
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best oi -particle magnetic spectrometers, their better geometry is 
attractive in experiments requiring more flexibility in the use of 
less active and more varied sources. Advantages over conventional 
gridded ion chambers include better energy resolution, lower 
background, higher permissible counting rates, lower cost and 
superior stability. The advances in semiconductor technology have 
enabled a large amount of accurate data to be taken concerning the 
penetration phenomena than had been possible previously.
The experimental apparatus is described in chapter 2 and particular 
attention is paid to the radioactive sources, spectrometry chamber, 
vacuum and electronic systems which affect energy resolution of the 
heavy charged particles.
In chapter 3 a detailed experimental analysis is made of the 
factors that affect charged particle energy resolution and 
spectrometry. A partially depleted surface barrier detector was 
used to give very good resolution for alpha particles. The problem 
in the energy spectrometry of fission fragments is the significant
due to (a) energy losses in the gold and 
silicon oxide window, (b) recombination in the plasma, and (c) 
nuclear collisions, which collectively contribute to the 'pulse height 
defect'. Fission fragments produce a very dense plasma of electron- 
hole pairs and a high collection efficiency requires a large 
collecting electric field. This is obtained by using a thin fully 
depleted surface barrier detector which is treated to withstand 
large applied bias voltages.
-13-
The energy spectra of alpha particles after traversing thin films 
of solids are analysed in chapter 4 to obtain basic data related 
to range-energy, stopping power, and energy straggling for alpha 
particles of various energies in materials of different atomic 
numbers. These measurements are used to give information about 
the films such as checking the thickness which were obtained 
mainly by weighing. A novel technique has been discovered in 
this work in which the integrated uniformity of the films is 
obtained from measurements of the energy straggling produced.
This could be used commercially to validate manufacturers 
techniques of thin film production and the method (e.g. rolling, 
beating, evaporation or electrodeposition) which produces the 
most uniform films.
A more basic and theoretical analysis of the experimental results 
and comparison with known atomic interaction theories is attempted 
in chapter 5. A simple quantitative picture is given to explain 
the important ”energy bunching effect” in which the energy spread 
of the spectra begins to decrease as the absorber thickness 
increases. The anomalously high energy straggling for aluminium 
is discussed and a tentative explanation is given for this 
effect. (Sykes and Harris 1971 a).
In chapter 6 the fission fragment spectra from Cf-252 is analysed 
both before and after transmission through absorbers.
-14-
Statistically better spectra were obtained in air compared to the 
solid films with the low count rate source because of the better 
uniformity of the absorber. It was found that the energy spectra 
after transmission showed the ’’energy bunching effect” and the 
relative peak heights changed as the absorber thickness increased. 
These effects appeared to be compatible with the explanations of 
the interaction of alpha particles with matter when capture and 
loss processes occur as discussed in chapter 5.
Finally in chapter 7 a summary of the important aspects of this 
work is given with suggestions for further work.
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CHAPTER 2 THE EXPERIMENTAL SYSTEM
SECTION 2.1 INTRODUCTION
In this chapter a brief description is given of the spectrometry 
chamber, the absorbers, the vacuum and electronics systems.
The radioactive sources were very thin high resolution sources such 
that negligible self-absorption occurs. The alpha sources were 
obtained from the Radio Chemical Centre, Amersham, and the Cf-252 
fission fragment source was obtained through Harwell AERE.
SECTION 2.2 THE RADIOACTIVE SOURCES USED IN THE EXPERIMENTS 
In the accurate measurement of the energy and the energy spectra of 
charged particles it is essential that the energy spectrometry 
system should have good energy resolution (see section 3.3). To 
obtain a nearly mono-energetic source of charged particles from a 
radioactive source requires that the radioactive material be so 
thin that there is negligible self-absorption of the particles' 
energy. The sources were found to be of high resolution from the 
analysis of the fine structure alpha spectra (see fig 2.2.2).
The ideal alpha source would have a single alpha peak with no low 
energy background gamma rays or conversion electrons. Po-212 (ThC') 
is the best alpha emitter with these requirements but it has two 
disadvantages. The material is difficult to work with in that it 
'creeps' and contaminates equipment and has quite a short half-life. 
Am-241 was used because it had a long half life (433 y) and was
—16—
commercially available.
The Cf-252 source was used as a source of heavy ions because it 
produces fission fragments spontaneously and again was commercially 
available.
2.2.1 The Mixed Isotope Energy Calibration Source 
This source was used to calibrate the spectrometry system and multi­
channel analyser. It consisted of a mixture of Pu-239, Ara-241 and 
Cm-244 vacuum sublimed onto a lightly oxidised stainless steel disc 
of dimensions 25 mm diameter and 0.5 ram thick with an active area of 
approximately 5 mm diameter. The total activity was quoted to be
5
nominally 3 10 dpra by the Radiochemical Centre, Amersham.
Nuclide Half-Life
MAIN ALPHA
Energy (MeV) Intensity^ (%)
Plutonium-239 24,400 y 5.157 73.3
Americium-241 433 y 5.486 Q€
Curium-244 18 y 5.808 76.7
TABLE 2.2.1 The main alpha energies provided by the 
mixed isotope calibration source
The alpha energies and percentage intensities in table 2.2.1 were
taken from Lederer, Hollander & Perlmann (1967).
2.2.2 The Am-241 Source
This has similar dimensions to the mixed calibration source. The 
nuclear decay scheme in fig 2.2.1 (Martin & Blichert - Toft, 1970)
-17-
\
shows that the main alpha peak contains 86% of the alphas emitted 
and has an energy of ~ 5,486 MeV,
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FIGURE 2,2.1 The Decay Scheme of Am-241
The fine structure of Am-241 measured by the surface barrier 
detector and alpha spectrometry system given in fig 2.2,2 shows 
four of the most prominent alphas and has a resolution (full width 
at half the maximum of the energy spectrum) of '''IS keV and a peak 
to valley ratio of *<40 rl. The latter parameter is less common but 
more sensitive. The emission of electrons and low energy gammas 
contributes unwanted background to the alpha spectra Observed in the 
detector but was relatively insignificant in the measurements 
described in this thesis. For very low energy work however, it may 
be necessary to use a pure alpha emitter or an accelerated source of 
ions.
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FIGURE 2,2.2 The Measured Fine Structure of Am-241
The observed resolution approaches the V s V w & i t b f  ~8 keV
FWUM and proves that the source is very thin and has negligible
self-absorption. Fig 2.2*2 shows the best observed spectrum of 
Am-241 -which is drawn on a log scale to accentuate the fine structure. 
Cooling of the detector would slightly improve the resolution by 
~2 keV by reducing the leakage current in the detector.
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Back-scattering has been shown to be negligible with these 
sources by Yeates, Harris & Doust (1969) for a detector 
position other than at a glancing angle to the source 
plane.
2.2.3 The Fission Fragment Source
A Cf-252 source was obtained from Harwell AERE which had 
been prepared by vacuum deposition (Glover, 1971). Its
5
alpha activity was nominally given as 3.4 10 dpm and its 
fission disintegration rate was estimated to be 
approximately 5% of that value. The source has an active 
area of ~4 mm diameter on a stainless steel disc of 1 mm 
thickness and 25 mm diameter.
The self-absorption of this source is assumed negligible 
from the fact that the fission-fragment spectrum (see 
Section 3.4) gives better characteristics than observed by 
previous experimenters using a similar system and virtually 
weightless Californium sources.
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SECTION 2.3 THE THIN FILM ABSORBERS
The solid films used in this work were obtained commercially 
from three manufacturers which are the main if not only suppliers 
of such thin films in the United Kingdom.
(a) Whiley Ltd
(b) Goodfellow Metals Ltd
(c) ICI Ltd
The thickness of the films required in this experiment to give 
the appropriate energy losses of alpha particles had a mass 
thickness of a few mg cm . In general these were much thicker 
than the films which could be produced relatively easily by 
vacuum evaporation ( ~ jag cm ). The films used in this work 
were produced by a variety of techniques including electro­
deposition, vacuum evaporation, rolling and beating.
A comprehensive treatment of as many elements as possible in 
the periodic table was desired, but the following materials 
were used as a compromise between expense, commercial 
availability, thicknesses available and count time available, 
ie: the elemental metals, aluminium (Z » 13), copper (Z « 2-9), 
silver (Z « 47) and gold (Z =* 79), and plastic films of 
Melinex ( Z ^ 6).
The films were obtained as accurately punched 2.5 (+_ .02) cm 
squares, 2.5 C+ .02) cm diameter discs or about 10 cm x 10 cm 
squares. Each film was weighed to within 1% using a Cahn 
Electrobalance and mounted on a 1 mm thick aluminium annulus of 
external diameter about 25 mm and internal diameter about 15 mm.
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The very thin films (eg gold leaf) adhered to the naked surface 
and the 25 mm squares could be ‘nipped* over at the comers to 
give adequately mounted films. The 25 mm discs were adhered 
to the supports (absorber holders) by using a minute thread of 
vacuum grease (good outgassing properties and little creeping) 
dabbed on to the support. Initial work with some gold and 
copper films had resulted in an excess of vacuum grease being 
used which resulted in visible colouration of the surface and 
spurious experimental energy loss results. The vacuum grease 
appeared to have diffused over the surface of the film 
(especially in gold) and so preferences were given to the first 
two methods of mounting and extreme care taken in the third 
method.
Each absorber mounting was marked to identify: -
(a) The source of the material
(b) The chemical of the metal
(c) The catalogue number of the film
(d) The absorber thickness in units of mg cm
The absorber holder was made of perspex with six symmetrically 
placed ’wells* to hold five absorbers and a blank to allow 
unattenuated transmission of the alpha particles. Each 
absorber could be rotated in turn between the source and 
detector by means of a rotary vacuum seal.
SECTION 2.4 SPECTROMETRY CHAMBER
The chamber, its dimensions, the flanges and mechanical and 
electrical feed-throughs and their positions (fig 2.4.1) were 
to the design of the author and constructed by Vacuum 
Generators Limited.
Although the chamber was designed initially without detailed 
knowledge of its final application, there proved to be only two 
minor inadequacies. The chamber was two or three times deeper 
than it needed to be to give the appropriate source - detector 
separation and the flange thicknesses had been left to the 
manufacturer's discretion resulting in the chamber being 
unnecessarily bulky and heavy.
The source holder allowed either one of two sources to be aligned 
with the absorber and surface barrier detector, (fig 2.4.2) one 
being the mixed isotope calibration source and the other the 
Am-241 or Cf-252 source. The geometry was such that the non- 
aligned source could not be counted by the detector.
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Fig. 2.4.1 Photograph of the spectrometry chamber
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FIGURE 2,4,2 Schematic Diagram of the Spectrometry Chamber
Alpha particles entering the detectors near the circumference may 
be degraded by edge effects and a collimator was originally 
included to eliminate the problem* However, a collimator 
resulted in additional scattering and better resolution was 
obtained without a collimator*
SECTION 2,5 THE VACUUM SYSTEM
A conventional diffusion pump system was used to evacuate the 
system to about 10 torr as shown in fig 2,5,1
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FIGURE 2»5»1 Vacuum System
Liquid nitrogen - cooled traps in both the high vacuum and roughing 
vacuum lines were used to prevent the backstreaming of oil vapour 
from poisoning the detector and contaminating the absorbers or 
sources•
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SECTION 2.6 THE ELECTRONICS SYSTEM
A block diagram of the associated electronic and data output 
apparatus is shown in fig 2.6.1, and a photograph of the pulse 
processing equipment is given in fig 2.6.2.
FIGURE 2.6.1 Electronic and Data Output Systems for the 
Charged Particle Spectrometer
A low noise charge sensitive FET pre-amplifier (ORTEC 118A) was 
placed as near as possible to the detector to minimise the input 
capacitance and increase the signal-to-noise ratio.
The output of the preamplifier was fed into the main amplifier 
which included passive pulse shaping circuits (Nuclear 
Enterprises Ltd, type NE5259).
Pulse shaping time constants were chosen empirically to optimise the 
signal-to-noise ratio and the alpha particle energy resolution.
BAS
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Fig. 2.6. 2 Photograph of the pulse analysis system
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A biased anplifier (Nuclear Enterprises Ltd, type NE 5261A) was used 
when appropriate to obtain an alpha spectrum containing an appropriate 
number of channels to define a statistical distribution.
The pulses were analysed on a 400 channel multichannel analyser 
(Intertechnique Ltd, type SA 40B), which gave outputs to a printed 
read-out (Addo) or punched tape output (Tally).
The digital gain stabiliser (Stabimat SK 15) was necessary to prevent 
gain drift due to temperature or other ambient variations. A 
normalised mercury wetted relay pulser (Ortec model 205) was used to 
calibrate the multichannel analyser in terms of energy and was also 
used as a source of reference pulses for the spectrum stabiliser.
SECTION 2.7 SUMMARY
The high resolution alpha sources provided an adequate energy 
calibration facility and a convenient count rate consistent with good 
statistical counting. The Cf-252 source required long count times 
due to its low spontaneous fission rate but care must be taken with 
higher active sources giving overloading of electronics due to the 
higher intensity of alpha emission and the health physics problems of 
an open source with neutron emission and possible earlier radiation 
damage of the detector.
High activity sources have been found to result in localised heating 
due to the emitted alpha particles and fission fragments and the
-29-
self-transfer of the californium contaminating the apparatus,
(Harris 1971).
The spectrometry chamber was maintained in a clean high vacuum 
condition by means of a cold trap and pumping system described in 
section 2.5. This is important to prevent contamination of the 
source, absorbers and detectors. The maintenance of high resolution 
results over three years from the same detector shows how 
successfully this had been achieved.
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CHAPTER 3 ALPHA AND FISSION FRAGMENT ENERGY SPECTROMETRY
SECTION 3,1 INTRODUCTION
The accurate measurement of the energy spectra of charged particles 
requires a high resolution detector system. The factors affecting 
the resolution of the surface barrier detector are described in this 
chapter. The bias voltage affects the charge collection efficiency 
and must be optimised for m--,J.mum-resoluttore^ between. JLncomplete- 
collection of the released charge carriers end ^charge multiplication. 
The geometry of the source and detector should be such that the 
particles enter the detector perpendicular to its surface rather than 
have varying path lengths through the window of the detector which 
decreases energy resolution.
Other factors which are considered in this chapter include 
collimation and scattering of the particles. The pulse shaping time 
constants are important in the processing of the collected pulses.
For fission fragments, the pulse height defect can result in 
approximately 10% of the energy being lost in non-ionising events 
and an attempt has been made to clarify and estimate the magnitude 
of the different processes involved.
SECTION 3.2 ALPHA SPECTROMETRY
The surface barrier detector used to analyse the alpha spectra was
manufactured by Ortec (code number SB-25-100-18) having a nominal
2active area of 25 mm and depletion depth of 100 fJL m. The n-type
silicon had a resistivity of 435 ft cm and a thin gold window of
- 2
mass thickness quoted by the manufacturer to be -40 ^g cm
(ie -200 X ).
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A knowledge of the leakage current, at room temperature and various 
applied voltages (fig 3.2.1) was important so that the voltage drop 
across the bias resistor could be subtracted from the applied bias
voltage to give the true potential across the detector.
150
100
16014012010080604020
DETECTOR VOLTAGE (V )
FIGURE 3.2.1 Leakage Current as a Function of Detector Voltage
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The bias resistor in the Ortec preamp is 1 kM , giving one volt 
drop across the bias resistor for every nano-amp of leakage 
current. This gives rise to a voltage calibration curve given in
fig 3.2.2.
100-
50-
100
APPLIED VOLTAGE ( V )
200
FIGURE 3.2.2 Detector Voltage as a Function of the Applied Voltage
—33—
PU
LS
E 
HE
IG
HT
 
(C
H 
N
o)
A saturation effect of the collection of charge carriers produced 
by the alpha particles was obtained at sufficiently high bias 
voltages as is shown in fig 3.2.3*
300
200
100
100 , t 
APPLIED VOLTAGE ( V )
200
FIGURE 3.2.3 Pulse Height as a Function of Applied Voltage
The roost important parameter which is a function of the detector 
TOltage is the alpha particle resolution. This is experimentally 
defined as the full width at half the maximum ( 7?) of the energy 
spectrum, expressed in keV. A bias voltage must be applied across
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the detector such that the energy resolution is improved , as shown 
in fig 3.2.4.
40
20
O---
200
APPLIED VOLTAGE tv)
FIGURE 3,2*4 Energy Resolution as a Function of the Applied 
Voltage
The energy resolution is poor at low bias voltages due to incomplete 
charge collection and insufficient depletion depth, whereas at high 
bias voltages multiplication effects may take place and possible 
breakdown of the detector* Hence high voltages must not be placed 
across the detector for fear of irreparable damage.
Fig 3.2.5 shows how the energy resolution depends upon the distance 
between the source and detector. At small distances without
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collimation of the source and detector, alpha particles may enter 
the detector at angles other than normal to the entrance window. 
Hence the alpha particles will have varying path lengths in the gold 
window which gives rise to a degradation of the energy resolution.
5 0 -r
£40
»-30
20
155 10 20 25 30
SOURCE-DETECTOR DISTANCE (m r r \ )
FIGURE 3.2.5 Energy Resolution as a Function of Source to 
. Detector D i s t a n c e ^  vaotfj
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It is often stated that a close approximation to the best possible 
resolution is achieved when the source to detector distance is at 
least one and a half times the diameter of the sensitive area of the
detector. For the detector used throughout the alpha experiment,
2
which had an area of 25 mm , the minimum source to detector distance 
from the above criteria would be 9 mm# The majority of the 
experimental data has been taken with a source to detector distance 
of approximately 20 mm#
Scattering of ialpha particles by the source and absorber mounting 
and the walls of the vacuum chamber may give rise to a low energy 
alpha particle tail and degradation of the energy resolution# To a 
first approximation the number of alpha particles scattered into 
the detector is dependent upon the area of surface exposed in close 
proximity to the source and detector# In the geometry used in this 
experimental work the walls of the chamber were a considerable 
distance (about 150 mm), from the source to detector axis and 
consequently large angle scatter from the apparatus into the 
detector could be ignored# No collimation was introduced because 
there would have been a decrease in count rate without an improve­
ment in resolution#
Choice of time constants in the pulse shaping in the main amplifier 
affects the ultimate resolution (Walter 1969) and the best energy 
resolution was obtained with equal integration and differentiation 
time constants of 1 /i s as shown in fig 3#2#6#
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FIGURE 3.2.6 Energy Resolution as a Function of 
•' and Differentiation Time Constants
After optimising all the parameters discussed in this section a 
fine structure spectrum of Am-241 was obtained with an energy 
resolution of — 13 keV FWHM including a contribution of ~8 keV 
FWHM from electronic noise as shown in fig 2*2.2.
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SECTION 3.3 FISSION FRAGMENT SPECTROMETRY
The fission fragment detector was a surface barrier semi-conductor 
detector obtained from Solid State Nutronics Ltd. Special treatment 
of the surface and total depletion of the 50 fj. m thick crystal 
enabled high bias voltages to be applied for more efficient 
collection of the dense plasma of electrons and holes produced by 
highly ionising charged particles particularly fission fragments.
The detector was made from 250 ft cm n-type silicon with an entrance 
window of 30 /i g cra^  of gold. ( ~150 X).
Leakage current measurements were determined over a range of detector
bias voltages (a) to estimate the amount of the applied voltage
actually across the detector due to the voltage drop across the bias
resistor in the preamplifier and (b) to indicate the condition of
the detector after radiation damage. Schmitt & Pleasonton (1966)
suggested that the detector performance does not alter significantly
until reverse currents attain 8-14 /jA, and that the reverse current
—8increases at a rate of 3 10 fi A per fission fragment. Fig 3.3.1
is a graph of the leakage current versus bias voltages for (a)
detector under vacuum, (b) detector at atmospheric pressure, and (c)
6detector after receiving 5 10 fission fragments. The increase in 
leakage current in (b) is possibly due to surface leakage and the 
increase in leakage current in (c) is due to radiation damage in 
general agreement with the figures of Schmitt & Pleasonton.
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(a) detector under vacuum
(b) detector at atmospheric pressure
(c) detector after receiving 5 106 fission fragments
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FIGURE 3«3«1 Leakage Current versus Detector Bias Voltage under 
Different Conditions
The bias voltage appearing across the detector is easily obtained 
from fig 3.3.2 as a function of the applied bias voltage. It is 
calculated from the knowledge of the leakage current and the bias 
resistor in the pre-amplifier.
800
UJ 600
400
200
10040 60 80
DETECTOR VOLTAGE ( V  )
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FIGURE 3.3.2 Detector Bias Voltage versus the Applied Voltage
A relatively quick and convenient method of determining the necessary 
applied bias voltage needed to give efficient charge collection and
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resolution characteristics was in the analysis of the alpha spectra. 
Efficiency of charge collection was shown in fig 3*3,3 where a 
limiting effect was obtained of the alpha peak height channel number 
at sufficiently high detector bias voltages.
300
100
100 200 400
APPLIED VOLTAGE (V)
600
FIGURE 3.3,3 Graph of Alpha Pulse Height versus the Detector 
Bias Voltage
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The optimum applied voltage conditions were obtained by considering 
the resolution of the fission fragment energy spectrum as given by 
the parameter **L/Ny, ie the number of counts in the peak channel of 
the light fragments divided by the number of counts in the channel 
of the minimum of the valley* Fig 3*3*4 shows that the best energy 
resolution conditions were obtained with an applied voltage of 700 V 
(ie a detector voltage of 70 V)*_____ ________ ____________ ______
500 700
APPLIED VOLTAGE (V)
900
FIGURE 3*3*4 Graph of Parameter ^ L/Ny against Applied Voltage
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The resolution is poor at low applied voltages because of poor 
charge collection and also is poor at high applied voltages due to 
charge imiltiplication processes*
The Cf-252 fission fragment spectrum was obtained using a 0.13 (1 Ci
( a activity) vacuum sublimed source of Cf-252 with an active area
2of ^ 40 mm . The source detector distance was ~ 2 cm giving a count 
rate of ~ 10 fission fragments per second* A detector bias voltage 
of 55V and a count time of about one hour was used to give the energy 
spectrum in fig 3.3.5.
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FIGURE 3.3.5 Graph of Cf-252 Fission Fragment Energy Spectrum
An evaluation of a heavy ion detector in a high resolution spectro­
metry system is given by reference to the parameters defined in 
fig 3.3.5 (which are esqjlained in detail in Schmitt & Pleasonton 
1966). Values of these parameters have been determined from the 
fission fragment pulse height spectrum (fig 3.3.5) and they are 
listed in table 3.3.1. In this table N^, and are 
respectively the number of counts per channel at the peaks of the
light and heavy fragment groups and at the minimum in the valley.
N N
The ratio L/N^ . and H/N^ are guides to the detector resolution.
A L and A H  are the full widths of the light and heavy peaks at 
•j- maximum. L and H are the pulse heights corresponding to the mid 
points of A L  and A H.
AL/(L-H) and AH/(L-H) are further guides to detector resolution. 
The pulse heights corresponding to the locations of 0.1 on the 
sides of the peaks are designated as LS (high energy end of light 
peak) and HS (low energy end of heavy peak). The parameters 
(H-«S)/(L-H) provide an indication of low energy tailing, which may 
be due to incomplete charge collection and degradation of fragment 
energies. The parameter (LS-L)/(L-S) is sensitive to high energy 
tailing caused by charge multiplication. The parameter (LS-HS)/(L-H) 
is a measure of overall dispersion effects.
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Spectrum Schmitt & Pleasonton (1966) Sykes
Parameter Reasonable i 
Limit j
Expected
Value Exptt.Value (Bias Volt = 55V)
w > 2.85 | s 2.9 « 3.1
w
CM•CMa « 2.2 ~ 2.3
V nh - « 1.30 w 1.28
<0.38 w 0.36 -0.31
.<0.45 .<0.44
fid _ _ _0.37 |
!
h-"s/l-h <0.70 <C 0.69 *0.71 |
%<0.49 £0.48 *0.43 |
ls-hs/l-h I
■
| < 2.18
i ■
« 2.17 * 2.14 |
5
TABLE 3.3,1 Cf-252 Fission Fragment Parameters and Values
obtained by Schmitt & Pleasonton (1966) compared 
to those obtained in the present work
As can be seen from table 3.3.1 excellent values for the parameters 
were obtained Which verify that a high resolution fission fragment 
spectrometry system had been attained.
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SECTION 3,4 THE PULSE HEIGHT DEFECT IN SURFACE BARRIER DETECTORS 
The calibration of semiconductor detectors for heavy ions was more 
complex than for alpha particles* This was due to (a) the energy 
loss ( A e )^ of heavy ions in the detector entrance window (~ 0.5 MeV) 
(b) the energy loss ( AE^) by atom-atom collisions not converted 
into ionizations (^2-4 MeV) and (c) incomplete charge collection 
( AE^ ~3-5 MeV). These three effects continue up to a total 
pulse-height defect (PHD) of several MeV, and is higher for the 
heavier fission fragments*
PHD « AE + A E  + AC w n r
The recombination of electrons and holes in the dense plasma accounts 
for most of the pulse height defect as shown in table 3*4*1*
AUTHOR Pulse Height Defect (MoV) RESISTIVITY
Light ' 
Fragment
Heavy
Fragment
— f ( ft cm)
!
I Sykes*
j Krulisch & Axtmann (1967)
5.5 9.0 250
6.0 9.5 | 350
I Wilkins et al (1971) 6.5 9.3 | 380
j
I Sykes 9.5 12.0 | 400
Muller et al (1971) 10 12 I 550
I Forgue & Kahn (1967) 15.9 16.2 | 875
I Forgue & Kahn (1967) 28.4 27.2 | 3500
• This detector was used for all the fission fragment data obtained 
in this thesis*
TABLE 3*4*1 Pulse Height Defect for the Average Light and Heavy 
Fragments for various Resistivity of Detectors
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As is clearly shown the higher resistivity detectors have a higher 
pulse height defect, this is because higher resistivity material 
has a higher density of recombination sites and an effective thicker 
silicon oxide window*
The increase in the density of recombination centres in higher 
resistivity materials gives rise to an energy defect which is 
dependent upon the path length of the fission fragments through the 
layer* Experiments in which fission fragments were admitted at 
normal incidence and 45° to the surface of the detector showed that 
a contribution of some 2-3 MeV to the total energy defect could be 
attributed to the effective silicon oxide layer*
A recent paper by Steinberg, Kaufman, Wilkins and Gross (1972) 
considers the pulse height defect to be made up of the sum of the 
energy loss in the gold layer surface, the nuclear stopping defect 
and a residual defect depending upon the resistivity of the 
detector material* They give a simple model to predict the 
recombination component of the pulse height defect in terms of the 
stopping power of the heavy ion in the detector*
is the electronic stopping power in silicon
is a critical value of the
stopping power, such that
0 when
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In the derivation of this relationship the charge recombination 
was assumed to occur in a thin surface layer of the detector. The 
factor K is equal to the product y L, where L is the thickness of 
that layer and y  is the fraction of charge in that layer which is
lost by recombination. Steinberg et al found that all the ions
( d£ \ -2could be with the same value of ( J «= 5 1 MeV/mg cm" ,
and the slope K was found to increase with increasing mass or atomic 
number of the ion.
SECTION 3.5 SUMMARY
A partially depleted gold surface barrier detector was used to obtain 
energy spectra of the alpha particles. The optimum resolution was 
found by using an applied voltage of 230 V (detector bias voltage 
100V)f a source to detector distance of approximately 20 mm and equal 
integration and differentiation time constants of 1 p  s. This gave a 
best energy resolution of approximately 13 keV which included an 
electronic noise contribution of approximately 8 keV. These 
resolution figures could be reduced further by up to 2 keV by cooling 
to an optimum temperature.
A fully depleted ( ~50/im thick) surf ace barrier detector was used in 
measurements with fission fragments. The optimum resolution for this 
detector was obtained by using an applied voltage of approximately 
TOO V (detector bias voltage TO V) and a source to detector distance 
of approximately 20 mm gave an acceptable count time and resolution
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value. By comparison of the energy spectrum with those obtained 
by Schmitt & Pleasonton (1966) it may be concluded that a 
satisfactory fission fragment energy spectrometry system had been 
attained.
The pulse height for the fission fragments is not directly 
proportional to the energy of the fission fragment due to the 
incomplete charge collection and the non-ionising events which 
give rise to a pulse height defect. Comparison of the measured 
pulse height defect for the mean light fragments ( ~ 6 MeV) and 
mean heavy fragments ( ~ 9 MeV) for the detector used in this work 
with that of other experimenters shows the importance of using 
low resistivity material.
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CHAPTER 4 ANALYSIS OF TRANSMISSION ENERGY SPECTRA OF ALPHA 
PARTICLES
SECTION 4.1 INTRODUCTION
-2The thickness of the films was measured in mg cm and the 
transmitted alpha energy spectra were obtained for various absorber 
thicknesses. The residual most probable energy and the energy 
straggling (FWHM) were determined from the energy spectra using the 
mixed alpha source and pulser to calibrate the channel number of the 
multi-channel analyser in terms of energy. Measurements of the 
channel number and the corresponding energy of the alphas from the 
mixed calibration source and the equivalent energy of the pulser 
showed the spectrometry system to be linear.
A characteristic curve for all absorbers was obtained in a graph of 
the residual most probable energy against absorber thickness. 
Similarly curves were obtained for the energy straggling as a 
function of absorber thickness. All energy straggling data was 
taken as the FWHM of the measured energy spectrum. The energy 
straggling due to the absorber alone requires the detector and 
electronics straggling to be subtracted out.
The alpha thickness gauge principle is utilised in checking the 
film thickness from the energy loss of the alpha particles. A 
novel technique is suggested to give an estimate of film uniformity 
from the resultant energy straggling.
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SECTION 4.2 FILM THICKNESS MEASUREMENTS
The majority of the films had been assigned a thickness value and
associated tolerance by the manufacturers. Initial experiments
investigating the energy loss of alpha particles in aluminium revealed
inconsistent results with films stated to be of equivalent thickness
within the stated tolerance ( +, 5% or less). An accurate measurement
—2( jh 2%) of the mass thickness (mg cm ) was obtained by measuring 
the masses of the one inch squares or discs. The accuracy was 
limited by the area measurements. A 'Cabin' electrobalance was used 
to weigh the films to the nearest 10 /X g. This revealed that the
i
majority of the films had erroneous mass thickness manufacturers' 
values assigned to them (ie up to 50% in error). A useful 
collaboration arose from feedback of this information to the 
manufacturer concerning his faulty thickness measurement technique.
SECTION 4.3 EXPERIMENTAL ALPHA TRANSMISSION ENERGY SPECTRA 
Energy spectra of alpha particles transmitted through many 
hundreds of absorbers and absorber combinations of various atomic 
numbers and thicknesses were recorded. Some typical spectra with 
absorber thickness A x, most probable energy E and straggling 
parameter r? , are shown in fig 4.3.1.
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_2A x  (mg cm ) 
E (keV)
7] (keV)
6*0 5*8 5 3 1 0
37 8 604 1753 3640 4871 5486
512 697 451 226 164 20
5000
c
■§ 4000
Q.
3000
2000
10 5 0 10 6 0 8 0 110  180'80 240 250 270 280
channel number
FIGURE 4,3.1 Typical Alpha Particle Spectra Following Partial 
Absorption Through Aluminium Absorbers
Although all spectra are shown on the same energy scale, low energy 
straggling was measured using a biased amplifier*
A check on individual absorber thicknesses was made with reference 
to the curve of residual energy as a function of absorber thickness 
which had been prepared with accurately known thicknesses, as shown 
in fig 4.3*2*
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FIGURE 4*3*2 Most Probable Residual Energy of Am-241 Alpha 
Particles after traversing various Thicknesses 
of Aluminium
SECTION 4.4 ALPHA ENERGY STRAGGLING RESULTS
The energy straggling parameter ( r\) is the full width at half the
maximum (FWHM) of the energy spectrum! A typical Am-241 alpha
particle spectrum (fig 2*2*2) obtained by the detector system was
found to have after a long count time, a total FWHM resolution ( V)
of about 13 keV for the 5,486 keV alpha peak* It was estimated
—2that the window thickness of gold ( ~ 40 fig cm ) on the surface 
barrier detector would represent an energy loss of between 10 and 
30 keV depending on incident energy. The additional energy 
straggling in this thickness of gold would be negligible within 
the limits of this work*
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The total peak broadening ( 77) was comprised of components due 
to the detector (77^ ) , electronics ( 7^ ,), source (7]^ ) and absorber 
(77^ ) , from which
772 = 772 d  + 772 e  + 772 s + 772a
Peak broadening due to the system must be subtracted from the total 
in order to measure the energy straggling due to the absorbing 
material only, but 77D» 77E and 77 s contribute negligible 
straggling for thick absorbers*
The straggling parameter (77 ) is shown in fig 4*4*1 as a function 
of the absorber thickness. Chapter 5 gives a more detailed 
discussion of this curve*
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FIGURE 4*4*1 Energy Straggling ( 77) of Alpha Particles after 
Traversing Aluminium Absorbers
t 55—
A family of straggling curves is obtained by plotting the energy
!
straggling as a function of the energy loss instead of the absorber > 
thickness. This method has the advantage that no thickness 
measurement is required as both the energy straggling and energy 
loss can be obtained from the energy spectra.
8 0 0
7 0 0 '
6 0 0
x Cu
o Melinex
50 0 -
® 4 0 0
30 0
200
100
1000 2000 3000 4000 50 00  6000
energy loss (keV)
FIGURE 4.4.2 Energy Straggling 77 of Alpha Particles as a 
Function of Energy Loss for Silver, Copper and 
Melinex
The curves (fig 4.4.2) obtained were similar for all materials 
(table 4.4.1) except gold (fig 4.4.3) which introduced very large 
energy straggling. With the additional practical difficulty of 
obtaining very uniform gold films, the expected effect of decreasing 
straggling at high gold thicknesses was not observed.
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Melinex Copper Silver Aluminium Gold
Energy Energy Energy Energy Energy
loss V loss V loss V loss n loss V
(keV) CkeV) (keV) (keV) (keV) (keV) (keV) (keV) (keV) (keV)
1037 89 1023 125 103 60 117 43 400 150
1567 115 1267 131 209 70 215 55 700 180
2231 164 1398 126 316 85 335 69 1100 450
2547 181 1544 136 422 102 534 97 1600 550
2905 183 1623 149 511 115 590 97 2300 720
2992 183 1784 166 620 138 832 147
3334 209 2153 183 739 145 1274 176
3572 181 2471 232 877 162 1767 218
4010 226 2606 213 1014 136 2009 196
4053 227 3035 211 1370 147 2449 261
4129 219 3284 292 1440 178 2726 300
4362 253 4098 314 1564 204 2973 306
4299 252 4416 346 3586 414 3297 360
5087 288 4996 547 3909 424 3235 365
5153 277 5026 421 4246 473 3532 396
5254 112 5371 221 4566 558 3784 434
5443 47 4681 551 4011 429
4731 498 4285 512
4826 722 4679 649
4888 738 4916 729
4932 600 5034 682
5190 571 4912 614
5103 542
TABLE 4.4,1 A Summary of Energy Straggling for Melinex, Al, Cu, Ag 
and Au as a Function of Energy Loss for Am-241 Alpha 
Particles
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FIGURE 4,4,3 Energy Straggling 7) of Alpha Particles as a
Function of Energy Loss for Gold and Aluminium
Although Tj was a satisfactory parameter describing the straggling
of initially mono-energetic alpha particles, it was preferable in
certain cases to define a new parameter which was the half-width at
half the maximum on the high energy side of the peak ? This
parameter was possibly of particular significance in studies using
Am-241 where a second peak due to 12% of the total alpha emission
rate occurs at 5,443 keV as shown in fig 2*2*2. Additionally, at
very low energies, spectra tend to become merged with noise on the
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low energy side of the peak. Ordinary electronic noise extended up 
to approximately 10 keV, and other unwanted pulses due to other 
emissions from Am-241 including gamma rays, and internal conversion 
electrons which have energies up to approximately 100 keV.
These latter problems may be avoided by use of a pure alpha emitting 
source such as polonium or a helium ion accelerator. This parameter 
enabled a few extra points to be obtained after the turnover in 
fig 4.4.4.
400
j f  100
O)o>
10 20 30 6040
aluminium thickness
FIGURE 4.4.4 Half Width at Half the Maximum on the High Side of 
the Energy Spectra for various A1 Absorbers
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For a fixed geometry and count time the total number of counts in 
the energy spectrum was recorded for a series of absorbers in which 
decreasing straggling was obtained for increasing absorber thickness. 
An approximately constant integral count showed that particles were 
not being lost due to scatter, or other effects. The counts in the 
peak channel of the energy spectra were found to increase with the 
increasing absorber thickness as expected when the spectra decrease 
in width ( V ) in the 'energy bunching* region.
SECTION 4.5 APPLICATIONS TO THICKNESS GAUGING 
The alpha thickness gauge in which the energy loss of transmitted 
alpha particles represents an absorber thickness is quite well 
known. A calibration curve given in fig 4.5.1 can be used to 
measure the thickness of self-supporting films or gas thicknesses 
up to the range of the alpha particles in that material.
Energy losses are measured accurate to _+ 4 channels in 200 channels
(ie: _+ 2%) for up to 90% of the energy loss of the alpha particles.
The circles in fig 4.5.1 represent data for films of measured mass
thickness. The crosses represent energy loss data from films cut
from the same 10 cm x 10 cm square of rolled silver with a nominal
—2thickness of about 2.5 jUn (~ .1.01 mg cm ) as given by the 
manufacturer. The macroscopic uniformity of this sheet was 
obviously poor.
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FIGURE 4.5,1 Calibration Curve of Absorber Thickness (Silver) 
" for various Energy Losses ( • absorbers of known
thickness, x absorbers from rolled sheet)
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A set of gold films produced by electro-deposition revealed large 
variations in energy straggling and consequently large variations 
in uniformity between films supplied by the manufacturer as 
nominally of equal thickness* Further consultation with the 
manufacturer resulted in further films produced by an adapted 
procedure being supplied which did not show the large variations 
in uniformity.
SECTION 4.6 APPLICATION TO UNIFORMITY GAUGING 
A technique for the measurement of integrated uniformity was 
suggested by consideration of curves of the energy straggling 
parameter 77 against the energy lost Ae (fig 4.6.1). Both 
quantities were taken from the same alpha spectrum and a 
measure of the mass thickness was unnecessary.
The energy loss AE was purely dependent on the inlegxaUtd: mass 
thickness, whereas the energy straggling parameter for a
■?\v0v3"sr
particular material and energy loss has* differences between 
films purely dependent upon integrated uniformity^as was shown 
in fig 4.6.1 for specimens of rolled and beaten or electro­
deposited silver films.
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4»6.1 Graph of Energy Straggling versus the Energy Loss 
for Two Forms of Silver Films (• beaten and 
electrodeposited films, x rolled films)
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SECTION 4,7 SUMMARY
The importance of checking the manufacturer's thickness measurements 
before mounting the films was essential as many were more than 5% in 
error.
Graphs of the residual most probable energy against absorber thick­
ness show that the majority of the results lie within 2% of the best 
fit curve except for the very large absorber thicknesses.
Graphs of the energy straggling against absorber thickness show a 
characteristic maximum occurring towards the end of the range of the 
alpha particles at energies of approximately 500 keV.
Having obtained a curve of energy loss of alpha particles against . 
the respective measured absorber thickness, then absorbers of 
unknown thickness may have their thickness determined to within 2% 
by measurement of the energy loss in the absorber and use of the 
calibration curve.
The technique suggested to test for uniformity of films was used to 
show large differences in uniformity of two sets of films produced 
by two different methods.
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CHAPTER 5 INTERPRETATION OF TRANSMISSION ENERGY SPECTRA
SECTION 5,1 INTRODUCTION
The three roost important parameters of the resultant characteristic 
energy-loss distribution are (a) the most probable energy lossiE,
(b) the energy spread of the distribution 77 (ie full width at half 
maximum energy straggling) and (c) the shape of the distribution*
The relevance of theories and past experiments to this work is 
considered in this chapter, and definitions are given of the 
various energy straggling parameters*
The similarities and differences of recent experiments with this 
and other work involving alpha particles are discussed*
A simple quantitative explanation is given to explain the origin 
of the 1 energy blanching1 phenomenon.
SECTION 5*2 CORRELATION OF EXPERIMENTAL DATA WITH THEORETICAL DATA 
Analysis of fig 5.2*1, the residual most probable energy versus the 
absorber thickness, shows a tail occurring at energies below about 
500-600 keV. The gradient of this curve gives the stopping power at 
the corresponding energy* The inflexion in the energy-thickness 
curve represents the maximum in the stopping power curve.
A computer programme was obtained to give a polynomial best fit
curve of the experimental points* Differentiation of the polynomial
best fit curve were unsuccessful in giving stopping powers at low energies
-65-
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FIGURE 5,2,1 Experimental Data for Aluminium
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similar to fig 5.6.1.
In order to obtain some values of total absorber thickness, it was 
often necessary to use several thin films together. Systematic 
errors in measurement of the thickness of individual films were 
summed in this way and the overall accuracy of the technique was 
reduced. Accurate alignment of the source, absorbers and detector 
were important and it was observed that misalignment was particularly 
important for large absorber thicknesses resulting in increased path 
length in the absorber and a correspondingly larger energy loss. 
Uniformity of the films was considered to be very important due to 
its contribution to the energy straggling (section 4.5) and the 
increased difficulty of peak definition.
Due to the 'tail' effect it was very difficult to determine the mean 
range from the data of very low energy alpha particles after
traversing thick absorbers. It is suggested that a plot of In (E + 100)
against the absorber thickness (x) will give a more convenient extra­
polation for the range at E + 100 = 100 keV, ie maximum range at zero
energy. An example of this extrapolation is shown in fig 5.2.2.
This technique gives the range of 5,486 keV alpha particles in the 
materials studied to an accuracy of 3%.
More accurate energy measurements and range determinations may be made 
using electromagnetic analysis, but these methods need very complex 
and expensive apparatus compared to the simple and versatile apparatus 
used in this work.
The ranges of charged particles may also be computed by integrating 
over the stopping power curve.
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SECTION 5.3 THEORETICAL ENERGY SPECTRA OF TRANSMITTED PARTICLES
When an alpha particle traverses a thin absorber, energy is lost 
predominantly by a large number of interactions with the electrons 
of the stopping atoms. For an initially mono-energetic beam of 
alphas there will be a large statistical fluctuation of incremental 
energy losses resulting in a characteristic energy distribution.
The shape of the energy loss distribution is described by a parameter
'K* which is the ratio of the two parameters & and Q •max
ie K *
max
The parameter, Qmax* the largest amount of energy which the 
incident particle can transfer to a free atomic electron and is 
classically given by:
Q - ± ^ i - E
max (ra+M)
where m = mass of electron
M = mass of alpha particle 
E = energy of alpha particle 
The parameter, g , is given by the mean energy loss in a short path 
length s,
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where the symbols have their usual meaning.
For high values of K (eg K >10) the distribution is Gaussian,
This occurs when a particle loses a large fraction of its energy and
experiences a great number of collisions of all types. This applies
to the majority of alpha particle experiments except for very thin
absorbers and very high energies. For example K —  35 (Qmax =
2.93 keV and £ = 103 keV) for 5,486 keV Am-241 alpha particles
-2traversing an absorber thickness of lmg cm •
For small values of K (eg K < 0.01) corresponding to very thin 
absorbers only a few high energy loss collisions occur which results 
in an asymmetric energy distribution. This low energy tail was 
first investigated by Landau (1944) and has become known as the 
•Landau effect’. In the experimental programme in this thesis the 
thinnest absorber that could be considered would be the gold window
of the surface barrier detector which has a thickness of
—2 ~approximately 40 fig cm • This gives a value of K —  1.4 which is a
good approximation to a Gaussian curve.
For values of K between the Gaussian and Landau cases, straggling was 
considered by Symon (1948) as reported by Rossi (1952).
A more exact solution of the problem has been obtained by Vavilov 
(1957). The shape of the Vavilov distribution given in fig 5.3.1 
(Skyrme 1967) for various values of K has been obtained using
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tabulated Vavilov solutions by Berger and Seltzer (1964) where (p 
is a function of intensity and X is a function of particle energy 
loss (the Landau parameter).
X
FIGURE 5.3.1 The Shape of the Vavilov Distribution for Various K
(Skyrme 1967). For definitions of parameters <fi and 
X see Vavilov (1957)
Maccabee (1966) attempts to verify Vavilov's theory over a 
representative range of K (ie 0.0033 to 1.02) and as seen in the 
fig 5.3.2 good agreement is obtained for the case K 1 using 730 MeV 
protons with the theoretical curve obtained from Seltzer & Berger's 
tabulations (1964).
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— VAVILOV THEORY 
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FIGURE 5,3,2 Asymmetric Energy Loss Spectra (Maccabee 1966)
For high energy losses ( ^  80%) in absorbers it has been suggested 
by Tschaler & Bichsel (1968) that the energy distribution will become 
asymmetric with a low energy tail (ie high energy losses) due to the 
multiple scattering of some of the charged particles giving them a 
longer path length in the absorber, A low energy tail will also 
result from the lower energy particles suffering a larger stopping 
power (Tschalar & Maccabee 1970) and corresponding higher energy 
losses, A characteristic continuum at low energies with an intensity 
approximately 1% of the peak intensity has been observed in the 
present work.
For very high energy losses such that the charged particles are in 
the capture and loss energy region, it has been observed during the
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present work that the low energy edge of the spectrum becomes very 
sharp. This can be explained by considering the stopping power curve.
At these low energies ( < 500 keV) the stopping power is less for the 
lower energy particles and the reverse of the argument in the last 
paragraph applies, has "not been pi'eviousXy-observed^
SECTION 5.4 THE ENERGY STRAGGLING PARAMETERS
5,4,1 Definitions
For the majority of experimentally obtained alpha energy spectra the 
energy distribution is Gaussian to a good approximation and is described 
by the equation:
\ —(E—E)f (E)dE a --■■"■"j- exp ■■■■'■■ dE
a  nTtt o r
where (X is the straggling parameter, the half-width of the curve at 
-1e of its maximum.
Alternatively the distribution could be described by the standard 
deviation, O' , in which the mean value O' contains approximately 
68% of the results. This is related to the straggling parameter by 
the equation:
a * #T2* or
In radiation spectrometry the normal procedure would be to measure 
the full width at half the maximum (FWHM or rj) of the energy spectrum# 
If slight asymmetry occurs on the low energy side than the half width 
at half maximum on the high energy side (HWHM) or would be
measured. The FWHM and standard deviation are related by the
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equations
77 = 2 (2 In 2)^CT = 2.36 CT
5.4.2 Energy Straggling Measurements by Other Workers 
Measurements of the energy straggling, 77 , for various elements
and absorber thicknesses give a characteristic curve as has. been 
shown in fig 4.4.2. The full significance of the 'energy bunching' 
effect has not been observed or appreciated by experimenters in this 
field, for a variety of reasons, notably the unavailability of a 
relatively sophisticated technology, such as thin source and thin 
film manufacture and high resolution detectors and electronics. Later 
researchers neglected analysis of detailed measurements at low 
energies.
Briggs (1927) investigated the energy straggling of alphas through 
thin slices of mica and obtained a momentum distribution on a 
photographic film by magnetic deflection. His final experimental 
point showed a decrease in energy straggling for his thickest 
absorber but he disregarded the effect, suggesting that it was due to 
experimental errors.
Comfort, Decker, Lynk, Scully & Quinton (1966) showed that straggling 
increases with increasing absorber thickness, but their choice of 
absorber thickness did not extend to the alpha energies at which 
decreasing straggling could be observed. Although Comfort used 
8.78 MeV alpha particles from Th C', his values for the energy 
straggling (see fig 5.4.1) are comparable with those in the present
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work using 5.5 MeV alpha particles, and also show the marked trend 
towards increasing straggling at low energies.
1200-1
Comfort et al. (1966) Au
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FIGURE 5.4.1 Energy Straggling for Alpha Particles in Absorbers
Ramirez, Prior, Swint, Quinton and Blue (1969) used an alpha particle
beam from an accelerator to measure the energy straggling for a
\
number of gases. Their results tend to show a decreased straggling at 
low energies for argon (fig 5.4.2), krypton and xenon which they 
considered to be in oonflict with Comfort’s observations of 
increasing straggling (fig 5.4.1). The studies of Ramirez were 
carried out at energies which could have revealed the energy bunching 
effect, but too few experimental results were given to allow a 
satisfactory analysis. The results of both Comfort et al and Ramirez 
et al are consistent with the results obtained in the programme of 
work described in this thesis.
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FIGURE 5.4.2 Energy Straggling of Helium Nuclei in Argon
Rotondi & Geiger (1966) obtained a curve (as shown in fig 5.4.3) of 
similar shape after a detailed analysis of the stopping of polonium 
alpha particles in air but were unable to give an explanation of the 
phenomenon considering it to be a geometry focussing effect.
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FIGURE 5.4.3 Energy Straggling of Alpha Particles in Air
SECTION 5.5 ENERGY STRAGGLING THEORIES
Bohr (1915) obtained from classical considerations, an expression 
for the mean energy loss squared
(AE)2 = O'2 = 4 7TZ2 e4 NZ Ax ,.5.5.1
giving an expression for the energy straggling,
V = 2.36^1^ 7r z*  e4 NZ Ax * .. 5.5.2
It can be seen in equation 5.5.1 that this energy straggling is 
dependent on:
i. the charge of the incident particle (z)
ii. the electron density (NZ) of the absorber
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iii. the path length ( Ax) in the absorber 
and is independent of the energy of the incident charged particle.
LEWIS THEORY,
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h-(/> TITEICA THEORY
0cm
111
Z
LU
BETHE-LIVINGSTON THEORY
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ABSORBER THICKNESS
FIGURE 5,5,1 Schematic Diagram of the Energy Straggling Parameter 
given by Bohr, Bethe-Livingston, Titeica & Lewis
Bethe & Livingston (1937) have an expression for the energy 
straggling based on the quantum - mechanical theory of Bethe (1930) 
which can be written in the form
( « ,, *±Zi <• 2mv2 *) A1 Z + Pi 2 ln~  1 Ax 
••• 5.5*3
where z, e, N, m and Ax have their usual meanings and Z» is the
total number of effective electrons, 1^ is the average excitation
fchenergy of the Z^ electrons in the i atomic orbit,k^ is a constant 
taken to be 4/3 for all orbits.
Titeica (1939) obtained a straggling expression from the quantum- 
mechanical theory of Bloch (1933) which can be expressed ass
2mv
tjj (l)In8
mv
Ax
... 5.5.4
where is the average kinetic energy per electron of the
electrons in the stopping material, ^ is the logarithmic derivative 
of the gamma function and Re (p is the real part of(p •
This latter formula 5.5.4 reduces to the Bohr formula when
2 2 
ze /hv »  1 and to the Bethe-Livingston formula when ze /hv << 1.
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All three expressions give very similar forms of curves and agree 
with experimental results for small absorber thicknesses but do not 
have the characteristic increase and decrease of straggling for very 
thick absorbers•(fig 5.5.1).
Lindhard (1953, 1954) obtained an expression for the energy 
straggling based on a model of a charged ion losing energy 
continuously in moving through a Fermi gas of electrons.
This is only of limited interest because the expression does not have 
any absorber dependence and is obtained assuming the stopping cross- 
section is proportional to the velocity, an assumption which is 
invalid for alphas above 500 keV. r
A more hopeful approach is that of Lewis (1952) and Payne (1969) who 
use a statistical treatment which shows the increase in straggling 
at larger path lengths.
• • • 5.5.5
• • • 5.5.6
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SECTION 5.6 A QUANTITATIVE EXPLANATION OF THE STRAGGLING CURVE
An explanation of the decreased straggling at low energies (the 
energy bunching effect) is suggested by reference to the stopping 
powers at these energies. Fig 5.6*1 shows theoretical and 
experimental stopping power data for alpha particles in aluminium at 
energies below 1600 keV.
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FIGURE 5.6.1 Stopping Power Data for Alpha Particles in Aluminium 
below 1600 keV (* Chu et al, A Porat et al,
o Williamson et al, + Northcliffe et al)
It should be noted that the data shows maximum values of stopping 
power within the region of 500 keV to 600 keV, and a region of 
decreasing stopping power at energies below the maximum. If the
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energies of a spectrum of alpha particles incident on an absorber 
fall within the latter region, then the very high and low energy 
ends of the distribution would be subject to high and low stopping 
powers respectively (ie high and low energy losses in the absorber),
This results in an energy spectrum with a decrease in energy
straggling - the 'energy bunching' effect. The validity of this
hypothesis has been tested by recording the following spectra as
shown in fig 5,6.2 (i) an energy spectrum with a most probable
energy of about 400 keV and 'H^ - 200 keV (curve 'A'), (ii) the
resulting experimental energy spectrum after transmission through an
—2additional 0,2 mg cm of aluminium (curve *B*), (iii) a predicted
spectrum (curve 'C1) obtained from spectrum 'A' for an additional
_2
absorber thickness of 0.2 mg cm • The peak energies of 'A' and 'B* 
were used to obtain a value for each energy 'window' as defined by 
the channel number on the multi-channel analyser. The small amount 
of straggling introduced within each window has not been considered.
The value of the straggling parameter ( 77^ )  shows good agreement 
between the experimental observations of 170 keV and the predicted 
value of 200 keV, from which it may be concluded that the ' energy 
bunching' effect is a function of stopping power at low energies. A 
more rigorous method using computer techniques is being attempted so 
that energy straggling data will be more easily accessible.
-82-
6000
<D
C
j? 4000 
u
(_<Da
43 2000c3
8
XXX)800600400 
energy (KeV)
200
FIGURE 5*6,2 Energy Spectra with Experimental (Curve B) and 
~~ Predicted (Curve C) Energy Straggling obtained
from Spectrum A after passing through an 
Absorber of 0*2 mg cm""**
SECTION 5*7 THE ANOMALOUS EFFECT OF STRAGGLING IN ALUMINIUM 
From the family of curves (figs 4*4*2 and 4*4*3) the energy 
straggling in general increases with increase in atomic number* 
Similar results were obtained (fig 5*3*1) from Comfort's data 
(Comfort et al 1966) who used 8*78 MeV ThC* alpha particlesy 
although his work did not extend to the region in which energy 
straggling decreases* The anomalously high straggling 
exhibited by aluminium is also in agreement with Comfort's 
work* The reason for this result is not clear, but it appears 
that aluminium films may have poor uniformity*
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Ramirez & Quinton (1966) in their comparison of gases and 
solids for uniformity were unfortunate in their choice of 
aluminium and air* Aluminium, apart from having an anomalously 
high energy straggling, has an atomic number nearly twice that 
of air* The comparison between Melinex and air (fig 5.7*1) 
which have comparable effective atomic numbers shows that 
energy straggling is not dependent strongly on the phase of the 
absorber and that Melinex is very uniform.
300n
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x Air (Rotondi & Geiger,1966) *<*> X
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o 00 o 
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FIGURE 5*7*1 Energy Straggling in Air (Rotondi & Geiger 1966) and 
Melinex (Sykes 1972) as a Function of Energy Loss
SECTION 5.8 SUMMARY
Analysis of an accurate curve of the residual most probable energy 
against absorber thickness gives the most probable range in that 
absorber and differentiation of the curve gives the stopping powers 
in that absorber at various energies. The biggest difficulty is in 
obtaining accurate data about the inflexion point in the curve near 
the ©id of the range of the alpha particles in the absorbers.
For alpha particles of a few MeV, K ^  1 in Vavilov* s theory, the 
energy distributions are Gaussian to a good approximation. Within 
the accuracy of the experimental results the mean alpha energy is 
equal to the most probable alpha energy.
The energy straggling obtained by previous workers (eg Comfort et al, 
Rotondi et al) for alpha particles are in agreement conpared with the 
present work which has been extended to low energies. The reduction 
in energy straggling at high energy losses, the ‘energy bunching' 
effect, is detected for various absorbers and an explanation of the 
phenomenon is given by considering the variation of the stopping 
power at these energies.
The theoretical expressions given for energy straggling by various 
authors are not easily adapted to produce this ' energy bunching * 
effect but an approach by Payne (1969) utilising Rotondi & Geiger's
(1966) results appears to offer the most successful approach.
Finally it was found that aluminium films exhibited anomalously high 
straggling which suggests that they are unsuitable for using as thin 
windows in nuclear physics experiments.
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CHAPTER 6 THE TRANSMISSION ENERGY SPECTRA OF FISSION FRAGMENTS
SECTION 6.1 INTRODUCTION
Fission fragments are heavy charged particles which continually 
capture and lose electrons as they are slowed down. They are 
particularly suited to the analysis of their energy transmission 
spectra having ranges in the absorbers and detectors of similar 
magnitude to those of alpha particles.
Measurements are presented of the energy straggling of Cf-252 fission 
fragments through absorbers consisting of thin metal films or varying 
path lengths of air.
Air was chosen as a convenient uniform absorber, variation of the 
source to detector distance giving the effective absorber thicknesses.
Analysis of the energy spectra of the heavy and light fragments show a 
decreasing energy straggling with increasing absorber thickness. 
Similarly the ratio of the light to heavy fragment peak height 
decreases with increasing absorber thickness. Both these spectra 
parameters are explained by reference to stopping power data for 
fission fragments.
SECTION 6.2 INTERPRETATION OF FISSION FRAGMENT SPECTRA 
Schmitt, Kiker & Williams (1965) found that a relationship existed 
between the energy of an ion and the pulse height produced in a 
surface barrier detector. This was of the form:-
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E « (a + a* M) x + b + b* M 6,2,1
where E, M are the ion energy and mass respectively (see table 6,2,1) 
x is the pulse height and a9 a*, b, b' are constants for a 
particular detector operated under constant conditions in the 
saturation region. The constant factors in equation 6.2.1 arise as 
a result of the non-ionising energy losses within the detector and 
recombination losses.
Table 6.2.1 Properties of the Mean Light and Heavy Fission 
Fragments of Cf-252. (Kahn & Forgue 1967)
— fission Fragment 
Property
Mean
Light
Mean
Heavy
E (MeV) 104.1 79.3
M (u) 106.4 141.7
z 42.5 55.5
Table 6.2.1 gives the values for E, the post-neutron emission 
unattenuated energy* M, the post-neutron emission mass; and Z, the 
most probable nuclear charge for each median fragment type. The 
values given by Kahn & Forgue (1967) were calculated for M and E from 
the data of Schmitt, Neiler & Walter (1966) and those for Z were 
calculated using the data given by Glendenin & Unik (1965).
Schmitt et al (1966), using a number of detectors and bromine and 
iodine ions of equivalent mass and energy to the mean light and heavy 
fission fragments, determined values for the constants which they 
regarded as applicable to any heavy ion detector of a similar type
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and were given by: -
' 24.0203 # 0.03574
P -P a P - PL H L H
b = 89.6083 - aPT b* * 0.1370 - a'PT
Ju Li
where P^* P^ are the pulse heights at the mid-points between $ 
maximum values in the light and heavy fragment peaks respectively.
If the system is linear the channel number can be used instead of the 
absolute pulse height. Using Cf-252 with the Solid State Nutronics 
Ltd detector, the following results were obtained after a long 
counting time of about 12 hours:-
PT = 265 P„ * 190L n
a = 0.32037 a* * 0.00047653
b « 4.7367 b' = 0.010720
By assuming M^, the average mass of light fragment » 106.4 and 
the average mass of heavy fragment ■ 141.7 (table 6.2.1). The 
following two equations are obtained from equation 6.2.1:-
E = 0.3710X + 5.877
Li
Er » 0.3880X + 6.256 
Prom this a calibration curve (the Schmitt lines) can be obtained of 
the true fragment energies as a function of the observed pulse 
height (fig 6.2.1).
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FIGURE 6.2.1 Calibration Curve of Fission Fragment Energy
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SECTION 6.3 ENERGY LOSS IN SOLIDS
Energy spectra were obtained using different thicknesses of gold, 
aluminium and silver leaf between the source and detector. The peak 
channel numbers and straggling parameters for each spectrum were 
estimated from a smooth curve through a plot of the data points. The 
energy to which these corresponded was found from the calibration 
curve (fig 6.2.1) which takes into account the pulse height defect.
A graph of the apparent residual energy versus absorber thickness 
(fig 6.3.1) was plotted for both the most probable light and heavy 
fission fragments. _________ ___________
100 -
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l
FIGURE 6.3.1 Apparent Residual Energy of Light and Heavy Fission
Fragments after Traversing Various Absorber Thicknesses 
of Gold
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The results of Muller & Gonnenwetn (1971) using Au, Ag, Cut Al, C 
and Formvar give good agreement with the present results.
SECTION 6.4 ENERGY LOSSES IN GASES
In order to eliminate additional straggling from non-uniformity of 
solid absorbers, energy spectra of fission fragments were analysed 
after transmission through air. The absorber thickness was 
increased by increasing the distance between the source and detector 
in air at atmospheric pressure. The residual energies for the mean
heavy and mean light fission fragments were measured for various air
thicknesses as shown in fig 6.4.1
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FIGURE 6.4.1 The Residual Energies of the Most Probable Heavy and
Light Fission Fragments after Traversing Air Thicknesses
Energy spectra at small distances (ie less than 7 mm) were not 
recorded because they included excessive energy spread due to the 
fission fragments passing through varying path lengths of air and 
gold window thicknesses. The data for zero air thickness was taken 
from fission fragments measured in vacuo with a source to detector 
distance of approximately 20 mm.
SECTION 6.5 INTERPRETATION OP THE FISSION FRAGMENT ENERGY SPECTRA 
PARAMETERS
If sufficiently accurate results are obtainable for a smooth fit of 
the residual energy versus absorber thickness curves in the previous 
two sections, then differentiation would give the stopping powers of 
the fission fragments at the appropriate energies (Muller & 
Gonnenwein 1971) as in fig 6.5.1.
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FIGURE 6.5.1 Stopping Power of Fission Fragments in Silver at 
Various Energies. (Muller & Gonnenwein 1971)
The mean light fragments have a higher initial stopping power than 
the mean heavy fragments although the slopes of the curves are 
fairly similar. This suggests that as the fission fragments 
traverse absorbers the mean lighter peak will lose more energy 
than the mean heavy peak, ie the peaks move closer together with 
increasing absorber thickness. This effect was demonstrated by 
experiment as shown in fig 6.5.2.
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FIGURE 6.5.2 Difference in Peak Energies as a Function of 
Air Thickness
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With fission fragments the valley in the spectrum is not always well
resolved,hence the parameters 77^  and 77^  were introduced, where
77 ltT and 77 lT are the half width at half the maximum on the low side 
th
for the heavy fragments and on the high side for the light fragments.
These energy straggling parameters and the peak counts for Cf-252 
fission fragments after traversing various thicknesses of air are 
given in table 6*5.1*
TABLE 6.5.1 Energy Straggling Parameters and Peak Counts for 
Cf-252 Fission Fragments after Traversing Various 
Thicknesses of Air
Air thickness 
(mm) (MeV)
V$H
(MeV)
N /N 
L H
0 7.3 9.9 1.12
10 6.0 6.3 0.59
11 6.4 6.1 0.55
12 6.5 4.4 0.53
13 6.6 3.8 0.52
14 5.8 3.3 0.53
15 4.8 2.7 0.50
16 4.1 2.1 0.51
(-
--
-
-4 4.2 1.5 0.51
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Fig 6*5*3 (a) and (b) show the decrease in these straggling 
parameters with increasing absorber thickness* This energy bunching 
effect is observed for any absorber thickness at any fission fragment 
energy because of continuously decreasing stopping power with 
decreasing energy and a sufficient energy spread of emitted fission 
fragments for the variation in stopping power to have an effect* The 
results for air are presented because data for solids were less 
consistent due to low count rate and poor absorber uniformity*
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FIGURE 6,5,3 (a) 7?^, and (b) 77^  Straggling Parameters for the
Fission Fragment Spectrum Plotted against the Air 
Thickness Traversed
The fission fragment spectrum initially had the most probable light 
fragment peak intensity greater than that of the heavy fragment peak, 
but, as the absorber thickness was increased the ratio of the peak 
intensities was reversed as shown in fig 6*5.4.
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FIGURE 6.5.4 Graph of N^/Nr versus Air Thickness
An explanation of this effect can be obtained by considering the 
variation of stopping power for the fission fragments with energy. 
The light fragment peak has a slowly changing stopping power with 
energy and hence the 'energy bunching' effect is less significant 
than for the heavy fragment peak which has a rapidly changing 
stopping power with energy.
For large air thicknesses the total counts in the peak channels 
decrease due to the increasing importance of nuclear collisions at 
low energies. The resulting large angle nuclear scatter made 
difficult the measurement of accurate energy spectra below 
approximately 20 MeV.
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SECTION 6.6 SUMMARY
The effect of the variation in stopping power over the fission 
fragment energy spectra was used in this chapter to explain the 
'energy bunching' of the spectra as was done with alpha particles 
in chapter 5.
The fission fragments, although of high energies ~100 MeV, capture 
and lose electrons resulting in a continuous decrease in effective 
ionic charge as they are slowed down in an absorber# Hence the 
stopping power decreases as the fission fragments lose energy and it 
is shown that the changes in the fission fragment energy spectra can 
be explained by reference to the stopping power curve.
CHAPTER 7 SUMMARY AND CONCLUSIONS
Knowledge of the energy loss and straggling of heavy charged 
particles is important in many fields such as nuclear physics, 
solid state physics, radiation dosimetry and radiobiology.
Data at low energies has been difficult to obtain until the 
recent advances in radiation detection techniques with high 
resolution. A better understanding of the basic processes of 
the slowing down of charged particles is necessary to enable 
more accurate computation of stopping powers and range-energy 
data.
It was the aim of this project to contribute to the existing 
state of knowledge of energetic ion interactions by using a 
transmission technique and a variety of absorbers. With the 
advance of solid state detectors and modem electronics, it 
was possible to make measurements at relatively low energies 
using a transmission mode in which ions emergent from the 
absorber were detected with good energy resolution. The energy 
spectrometry system used proved to be a most suitable method 
for the convenient and accurate measurement of many hundreds 
of charged particle energy spectra.
Although high resolution alpha ^oui'bes^ have been available 
for some years, convenient sources of fission fragments are 
only just now being produced. A suitable high resolution 
source of Cf-252 was obtained but with a modest activity,
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resulting in long count times being necessary for good 
statistics* The fission fragment source required count times of 
the order of ten times longer than the alpha experiments 
(^ 5-10 min) and the longest count time taken was 12 hours. A 
higher activity Cf-252 source has since been used but originally
-a
suffered from self-transfer of californium to the surrounding 
equipment* This problem was eliminated by the use of a thin 
covering film.
The fission fragment spectrum parameters observed are of a high 
standard by comparison with the conditions set by Schmitt & 
Pleasonton (1966) for widths, heights and depths of the valley 
and two peaks in a pulse height fission spectrum* Similarly the 
detectors compare very favourably with those used in a recent 
detailed thesis on the studies in the interaction of fission 
fragments with silicon surface barrier detectors by Finch (1970)*
The experiment used commercial thin film absorbers as the 
production of thin films was not to be undertaken in this work. 
These were chosen to be of reasonable purity, uniformity and range 
of atomic numbers, the thicknesses being chosen to within the 
range of the particles. Over 100 self-supporting foils were used 
of large area ( 1  sq cm) • Nevertheless to increase the usefulness 
and accuracy of the apparatus and results more attention must be 
given to obtaining:
(a) very uniform films
(b) very stable and linear energy spectrometry system
(c) higher particle fluxes and better counting statistics
The work described in this thesis in the capture and loss region 
investigates how the energy straggling of alpha particles varies 
with increasing thickness of the absorber. It was found 
unexpectedly that the energy straggling decreases for very thick 
absorbers when the alpha particles undergo capture and loss of 
atomic electrons. The effect has occasionally been observed by 
other workers who have disregarded it as being either due to 
experimental error or as a collimation effect. The present work 
has studied this energy region closely and it has been shown that 
this 'energy bunching' effect occurs in all the absorbers used in 
this work except for gold which was unobtainable in the uniformity 
required and produced a large amount of straggling before the alphas 
reached the capture and loss energy region. This is a universal 
effect in that all charged particles will suffer an energy bunching 
effect in any uniform medium in any phase when the charged particle 
enters the capture and loss energy region. The effect is explained 
by reference to the stopping power curve and in particular the 
region in which the stopping power decreases with decreasing energy. 
Charged particles with an energy spectrum entering this energy 
region will find that the charged particles with the higher energy 
will suffer higher energy losses (ie higher stopping power) than 
the particles at the low energy end of the spectrum. Hence there 
will be a resultant energy bunching.
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The majority of work by others has been carried out at high 
energies in Which the heavy charged particles (usually protons , 
deuterons, helium nuclei etc) are produced by accelerators and have 
a charge due to the nucleus stripped of all its electrons. This is 
in the energy region in Which the stopping power increases with 
decreasing energy, and can be theoretically described by the Bethe- 
Bloch stopping power formula. Empirical corrections are included at 
low energies to take into account the change in effective charge of 
the incident particle and an inner shell correction term due to the 
non-participation of the inner electrons of the absorber atoms.
Other workers have concentrated on the interactions at very low 
energies in which nuclear collisions occur and in this region 
Lindhard's theory is applied where the electronic stopping power 
decreases with decreasing energy.
Little work has been done on the theory of stopping power and energy 
straggling over the intermediate energy region in which capture and 
loss processes occur and it was part of the purpose of this thesis 
to endeavour to make measurements in this region. This is a complex 
problem which could yield a great deal of information on the 
importance of the basic interaction processes, the ranges of charged 
particles in materials and the probable range straggling that may 
occur. Investigation into a semi-empirical theory is continuing, 
with the object of predicting the energy straggling and spectral 
shape of transmitted charged particles and this will be conpared with 
experiment.
Fission fragments are heavy charged particles of average effective 
charge approximately +20e which are continually capturing and losing 
electrons as they are slowed down from energies of approximately 
100 MeV. Analysis of the fission fragment spectrum showed that the 
valley between the energy peaks of the light and heavy fragments 
appears to become deeper. This phenomenon is easily explained by 
the energy bunching effect in which there is a decrease in the energy 
straggling of the mean light and heavy peaks and an actual increase 
in the peak heights resulting in What appeared to Krulisch & Axtman
(1967) as a deeper valley.
It was also observed in the present work that the relative heights 
of the mean heavy and light peaks of the energy spectra vary in 
intensity with the thickness of the absorber. Initially the number 
of counts in the more energetic lighter fission fragment peak channel 
is greater than in the less energetic heavy fission fragment peak 
channel. With increasing absorber thickness this ratio is reduced 
and the peak intensities are reversed.
All these spectra parameters and their variation with absorber 
thickness have been demonstrated experimentally and an explanation 
given by reference to stopping power theory.
The energy measurements are generally accurate to within approximately 
2% for alpha particles and 5% for fission fragments. The energy 
straggling measurements, which are very dependent on absorber uniformity, 
are generally accurate to within approximately 5% for alpha particles and 
10% for fission fragments.
The energy losses for various absorber thicknesses and the energy 
straggling results for both alpha particles and fission fragments 
are in satisfactory agreement with any known data although in the 
regions examined here there are very few comparable measurements.
It has been found that the energy straggling is particularly
sensitive to the uniformity of the films. Some films of equivalent
thickness and the same elemental composition have given up to three
times higher energy straggling values. This aspect could be
utilised in a technique for the measurement and testing of the
uniformity of these films which are typical of those used in nuclear
physics. Energy straggling may be used to measure the microscopic
2
uniformity over an area of the film (approx 0.5 cm ) through which 
the particles pass and are eventually detected. This may be 
complementary to the other technique of using a narrow beam and 
observing the variation in energy losses as the film is moved through 
the beam, thus giving an indication of the macroscopic uniformity.
Further work could be done on obtaining and comparing energy 
straggling curves for alpha particles in solids and gases and 
especially defining the straggling peaks more accurately.
Preliminary results suggest that solids produce a more 'peaky' 
maximum than gases and the reason for this is unknown.
An interesting extension of the present work would be to use the 
transmission technique to investigate the stopping power and energy 
straggling obtained by charged particles when channelling through
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thin film crystals. It has been shown by workers in the ion 
implantation field that heavy ions may have a channelled range of 
up to 50 times than in amorphous material. The problems in this 
work are to obtain sufficiently thin crystals with an appropriate 
crystal lattice such that the ions enter the channels between the 
crystal planes.
The potential use of a Cf-252 source is facilitated in that the angle 
of acceptance for heavy ions may be as high as 5 degrees to the 
crystal plane. With lower energy alpha particles (up to 2 MeV), 
which will be available from the University of Surrey's Van de 
Graaff, the angle of acceptance is very small (less than 0.1 degree) 
but better collimation may be obtained from the use of a very large 
flux and long beam lines.
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